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Structure-Activity Relationships in the
Free-Radical Metabolism of Xenobiotics
by Colin F. Chignell*
Many xenobiotics, including naturally occurring compounds, drugs, and environmental agents, are
metabolized both in vivo and in vitro to free-radical intermediates. The one-electron reduction of nitroar-
omatic compounds, quinones, and awidevariety ofother chemicals is catalyzed enzymatically byanumber
of reductases and dehydrogenases. Structure-activity studies have shown that the cytotoxicities of ni-
troaromatic compounds and quinones are related to their one-electron reduction potentials (EW). Other
factors such as oil:water partition coefficients may also be important. Xenobiotics may also be oxidized
to free radicals by peroxidases and oxidases. Hammett's rules apply to the one-electron oxidation ofsimple
meta- orpara-substituted phenols and amines by horseradish peroxidase, compound I.
Introduction
A free radical may be defined as any molecule that
has an odd number of electrons (1). While the vast ma-
jority of known free radicals are derived from organic
molecules, many inorganic radicals, e.g. O2, S03, are
known to exist. The transformation of an organic mol-
ecule into a free radical may be accomplished in three
different ways (2). For example, the one-electron oxi-
dation ofbenzene (by removal of one ofthe IT-electrons)
produces the benzene cation radical:
O_O ~~~+ e~
The addition of an electron to a benzene wr-orbital gen-
erates the benzene anion radical:
+e-_
When the C-H bond of benzene is cleaved homolyti-
cally, a hydrogen atom and the neutral phenyl radical
are formed:
H + H
While benzene itselfis not readily converted into a free
radical, many other organic molecules do generate rad-
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icals, even under the relatively mild conditions encoun-
tered in vivo. To date more than twenty different classes
ofcompounds are known to be metabolized in biological
systems to free-radical intermediates (2-4). These
chemicals include naturally occuring compounds, drugs,
and environmental agents.
Detection of Free Radicals
Free radicals may be detected by usingthe technique
of electron spin resonance (ESR). An ESR spectrum
gives information on both the structure and concentra-
tion of a free radical. For example, the ESR spectrum
in Figure 1 was obtained by incubating the herbicide
paraquat with rat hepatic microsomes in the presence
ofthe cofactor NADPH under anaerobic conditions (5).
The radical derived from paraquat is readily identified
fromits ESR spectrum as the paraquatmonocation rad-
ical based on the complex pattern of lines which arise
fromthe interaction (hyperfine coupling) oftheunpaired
electron with the protons present in the molecule. The
herbicidal activity ofparaquat results from the reaction
of its cation radical with oxygen to form superoxide,
which initiates a series of events that eventually lead
to lipid peroxidation (6). The mechanism of paraquat
poisoning in man and other mammals is also thought to
be superoxide-mediated, although the role of lipid per-
oxidation has not been unequivocally established (7).
Not all free radicals are stable enough to be detected
directly by ESR. For such radicals, a technique called
"spin trapping" may be employed (8). Spin trapping is
a technique that involves the addition of a reactive free
radical (R ) to an organic diamagnetic nitrone or nitrosoC. F. CHIGNELL
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FIGURE, 1. ESR spectrum ofthe paraquat cation free radical observed on incubation of 1 mM paraquat with 1 mg/mL ofhepatic microsomes
from male rats in KCl-Tris-MgCl2 buffer (150 mM, 50 mM, and 5 mM, pH 7.4) containing 0.8 mM NADP+, 11 mM glucose 6-phosphate,
and 1.3 units/mL ofglucose-6-phosphate dehydrogenase. From Mason and Holtzman (5), with permission.
compound (spin trap) to form a more stable nitroxide
free radical (spin adduct):
R* + R'-N=O-R'-N-R
R-+ R'-CH=N-R" R'-CH-N-R"
t ~~~~~~~~~~~~~I 1 O- ~RO
The structure ofthe parent free radiPal (R) maythen
be determined from the hyperfine couplings ofthe ESR
spectrum of the spin adduct. For example, the ESR
spectrum of the radical formed during the ultraviolet
irradiation of sulfanilamide in the presence of the spin
trap 2-methyl-2-nitrosopropane is shown in Figure 2.
This spectrum is easily identified as that of4-tert-butyl-
benzenesulfonamide (9), which suggests the following
mechanism for the photolysis:
H2N S02NH2 h, lo. 0 SO2NH2
* ~~-SO2NH2 (CH3)3C-N=O-(CH3)3C-N -SO2NH2
0
A comprehensive review on the use ofspin trapping to
detect and identify free radical metabolites has recently
appeared (10).
FIGURE 2. ESR spectrum of 4-sulfamoylphenyl-t-butylnitroxide
formed during the UV irradiation of4-aminobenzenesulfonamide
(sulfanilamide) in the presence of MNP. Modified from Chignell
et al. (9).
Free-Radical Pathways in
Xenobiotic Metabolism
One-Electron Enzymatic Reduction of
Xenobiotics
A wide variety of chemicals can be reduced to form
free radicals by a number of different enzyme systems
(Table 1). While oxygen has been omitted from Table 1
it should be pointed outthat several ofthe enzymes will
also reduce oxygen to its free radical form, superoxide
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Table 1. Xenobiotics undergoing one-electron enzyme reduction.a
Compound class Enzyme systemb Reference
Quinone Nc,Nb,Cb,Nd,Er, (3,4,11,12)
Xd,Xo,Ld,Fe
Quinoneimine Nc (4)
Nitroaromatic Nc,Nb,Nd,Er,Xo,Ao,Fe,Pf (3,4,33)
Azoaromatic Nc,Nb,Xo (3,4,34)
Carbon tetrachloride CP (3,4)
Bipyridylium Nc,CP,Er (3,4,12)
Tetrazolium Nc (3,4)
Di-N-oxide Er (4)
Sulfur oxides CP (2)
Triphenylmethane dyes CP,Nc (2)
aModified from Mason and Chignell (2).
bEnzyme abbreviations: Nc = NADPH-cytochrome c(P-450) re-
ductase (NADPH); Cb = cytochrome b5; CP = cytochrome P-450;
Er = Escherichia coli reductase (NADPH); Xd = xanthine dehydro-
genase (xanthine or NADH); Xo = xanthine oxidase (xanthine or
NADH); Ld = lipoamide dehydrogenase (NADH); Ao = aldehyde
oxidase (aldehyde); Fe = ferredoxin-NADP+ reductase (NADPH);
Nd = NADH-dehydrogenase (NADH); Pf = pyruvate ferredoxin
oxidoreductase (pyruvate); Nb = NADH-cytochrome b5 reductase.
(O2-). From the data in Table 1 it is clear that aromatic
molecules with vastly different structures may undergo
one-electron reduction. Furthermore, some chemicals,
e.g., nitroaromaticcompounds andquinones, willaccept
an electron from almost any redox flavoprotein.
There have been relatively few studies that have at-
tempted to relate structure to activity for compounds
undergoing enzymatic one-electron reduction. Most of
the work in this area has involved either the nitroaro-
matic compounds or the quinones.
Nitroaromatic Compounds. Aromatic nitrocom-
pounds may be reduced in a series of steps to the cor-
responding amine:
e- ~~3e 26
R-NO2 - R-NO1 -H-- R-NHOH H R-NH2
The one-electron reduction ofa nitro compound gives
rise to a nitro anion-free radical. Under aerobic condi-
tions the nitro anion-radical reacts with oxygen to form
superoxide with the regeneration of the parent nitro
compounds:
R-NO + 02 -* R-NO2 + °2
Aromatic nitro compounds, particularly those that
contain a heterocyclic moiety, are widely used as chem-
otherapeutic agents in protozoal, fungal, and bacterial
infections (13) and as radiosensitizers in cancer chem-
otherapy (14). These drugs are also known to be mu-
tagenicandtoxictomammaliancells(15). Theenzymatic
formation of the nitro anion free radical is thought to
play akeyrole inboththebiological activity andtoxicity
ofnitroaromatic compounds (3,4). Since the ease offor-
mation of the nitro anion radical is related to the one-
electronreductionpotential(EW) oftheparentcompound
attempts have beenmade tocorrelate biologicalactivity
with this parameter (15-20).
Adams and co-workers have tested 15 nitroaromatic
and nitroheterocyclic compounds that can act as radi-
osensitizers for their toxicity to Chinese hamster V79
cellsinvitro(16). Theyfoundthatcytotoxicityincreased
markedly as the electron affinity, measured as a one-
electron reduction potential, increased. A structure-
activity relationship of the form
-log C = bo + b1E1 + b2 log P
was derived, where C is the specific cytotoxicity (con-
centration), E' is the one-electron reduction potential,
P is the partition coefficient, and b0, b1, and b2 are coef-
ficients derived from the least-squares fit to the data.
The potential E' is a measure of the ease of the one-
electron reduction of a compound RNO2 to the corre-
spondingnitro anion-free radical RNO22. Since the cells
used in this study were hypoxic, it seems unlikely that
the species involved in the toxic response is superoxide.
Adams and co-workers suggest instead that the four-
electron reduction product of nitroaromatic compound,
the correspondinghydroxylamine, maybethetoxic spe-
cies (16). Work by the same authors has shown that
toxicity of nitroaromatic and nitroheterocyclic com-
pounds towards the same cells under aerobic conditions
is also related to their one-electron reduction potentials
(15). However, inthis casetherewasnocorrelationwith
octanol:water partition coefficient. It was found, how-
ever, that quinones having the same one-electron re-
duction potential as the nitroaromatic compounds
exhibited similar toxicity. These findings suggest that
under aerobic conditions the toxic species may indeed
be superoxide.
Quinones. The one-electron reduction of quinones
leadstothe formation ofthe correspondingsemiquinone
radical:
0
0
-e .
+H+
OH
This reaction may be catalyzed by a wide variety of
enzymes (Table 1). For example semiquinone metabo-
lites ofanthracycline antibiotics have been detected by
ESR inboth anaerobic NADPH-microsomalincubations
(21-23) and in Ehrlich ascites cells (21). Under aerobic
conditions the semiquinone reacts with oxygen to give
superoxide and regenerate the parent quinone (24,25)
(Fig. 2). The generation of superoxide by the anthra-
cycline antitumor agent adriamycin is thought to be
responsible for the cardiotoxicity ofthis drug (26). Su-
peroxide is known to give rise to other reactive oxygen
species including hydrogen peroxide and the hydroxyl
radical (27). The observation that vitamin E ameliorates
adriamycin-induced cardiomyopathy (28) is consistent
with the initiation of lipid peroxidation by oxygen rad-
icals derived from the oxidation of the adriamycin
semiqu.inone.
The relationship between the one-electron reduction
potentials of quinones and their reduction by flavopro-
teins has been examined by Powis and his co-workers
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Table 2. Metabolism of antitumor quinones by
NADPH-cytochrome P-450 reductase.a
NADPH oxidation,
Quinone E7, mV Vimole/min/mg
Control 0.00 + 0.00
AZQb -168 3.51 + 0.07
Adrenochrome -253 2.29 + 0.11
Mitomycin C -271 0.93 + 0.03
Adriamycin -289 0.93 + 0.02
Daunomycin -305 0.60 + 0.03
Aclacinomycin A ' 0.20 ± 0.02
Anthracenedione -348 0.06 + 0.01
aModified from Svingen and Powis (29).
b2,5-diaziridinyl-3,6-bis(carbethoxy)amine-1,4-benzoquiioie.
CNot known.
(29-31). Svingen and Powis have reported that the en-
zymic one-electron reduction of a series of quinone an-
titumor agents, including adriamycin, daunomycin and
mitomycin C, by NADPH-cytochrome P-450 reductase
increases at more positive values ofEl (Table 2). Powis
and Appel have studied the aerobic and anaerobic me-
tabolism of a series ofbenzoquinones by three flavoen-
zymes that catalyze single-electron reduction (30). They
found that metabolism was more closely related to sin-
gle-electron reduction potential than the structural fea-
tures or lipid solubilities ofthe benzoquinones. The lower
limit for reduction by NADH:ubiquinone oxidoreduc-
tase with NADPH as the cofactor andpurified NADPH-
cytochrome P-450 reductase was a quinone single-elec-
tron reduction potential of -240 mV. However, the
lower limit for quinone reduction with purified NADH-
cytochrome b5 reductase and NADH:ubiquinone oxi-
doreductase with NADH as a cofactor was asingle elec-
tron reduction potential of 170 mV. In general it was
found that more negative single-electron potentials re-
sulted in decreased quinone metabolism.
Incubation of simple benzoquinones with isolated he-
patocytes results in the liberation of superoxide (31)
formed by the reaction of the corresponding semiqui-
none radicals with oxygen. Powis and co-workers have
found that superoxide formation by simple benzoqui-
nones orthe anthracyclines ismaximal at aquinone one-
electron reduction potential of-70 mV. This pattern was
qualitatively similar to that observed with mitochon-
drialNADH:ubiquinone oxidoreductase andmicrosomal
NADH-cytochrome b5 reductase. The observation that
superoxide production by NADPH-cytochrome P-450
reductase is maximal at a quinone E' of -200 mV sug-
gests that this enzyme is not rate-limiting for quinone-
stimulated superoxide formation by hepatocytes.
One-Electron Enzymic Oxidation of
Xenobiotics
Xenobiotics may be oxidized to free radicals by both
peroxidases and oxidases (Table 3). Among the perox-
idases, horseradish peroxidase (HPR) has received most
attention. However, it seems likely thatthe mammalian
peroxidases, e.g., myeloperoxidase, lactoperoxidase, and
Table 3. Xenobiotics undergoing one-electron oxidation.'
Compound Enzyme Reference
class system
Hydroquinones HRP,Cel;Lac .141
Hydroaminquinones HRPCei (4)
Aromatic amines HRPCat,PGS,MetM, (4)
CP,Cer;Lac,CNt
Phenothiazines HRP,Cat,Cer (.4.)
Hydroxyaromatics HRPMetH,Hem (.).11
Hydroxylamines HRPLact,MyMetH,Hem (.n.4)
Hydrazines HRPPGS,Hem (2',.4)
aModified from Mason and Chignell (2).
bEnzyme abbreviations: HRP = horseradiish peioxiase (H.,0.);
Cat = catalase (H.,O., or ROOH); Lac = lactopelroxi(lase (H20()):
My = myeloperoxidase(H9O0,); PGS = pirostagland(in siynthas,;e (H.,(.,
or ROOH); MetM = metmyglobin (H11O2 or ROOH); MetH = mneth-
emoglobin (H2O., or ROOH); CP = cytochiome P-450 (ROOH);
Cer = ceruloplasmin (O.,); Hem = hemoglobin (0).
NADP+ FH2\
)C FH
NADPH F *-F
O R R
~Jj~J>~OH
R1 0OHR2 (
2
0 R5 R4 R 0~2
Q, O OH H OH
R1 O-OH HOR2
FIGURE 3. Mechanism of anthracycline-catalyzed superoxide anion
radical generation. The exact scheme of electron donation by
NADPH-cytochrome c reductase during semiquinone formation is
unknown. From Mason (3) with permission.
prostaglandin synthase, probably catalyze many of the
same reactions. It is interesting to note that peroxidase
activity is also exhibited by catalase and methemoglo-
bin. Among the oxidases that are known to generate
free radicals, ceruloplasmin is the best studied.
There has been only one attempt to relate the one-
electron enzymic oxidation of xenobiotics to structure.
Job and Dunford have studied the effect of different
substituents on the oxidation of phenols and aromatic
amines by horseradish peroxidase (32). The one-elec-
tron oxidation of organic compounds (AH) by horse-
radish peroxidase may be depicted as follows:
HRP + H2027*Compound I (green)
Compound I + AH2-Compound II (red) + A H
Compound II + AH2-*HRP + A H
Job and Dunford used stopped-flow spectrometry to
measure the rate of reduction of HRP to compound I
by a series ofphenols and aromatic amines. They found
that Hammett's rules apply for HRP Compound I re-
duction by monosubstituted phenols and anilines with
different substituents in the meta or para positions. At
pH 7.0, log kvlkH was found to be -6.92o and -7.00a for
phenols and anilines, respectively, where kH and kx are
the second-order rate constants for the reaction be-
tween compound I and an unsubstituted phenol or ar-
omatic amine with the substituent X inthe meta orpara
positions. This finding indicates that all phenols are ox-
idized by compound I by the same mechanism suggest-
ing that in all cases the neutral forms ofthe phenols are
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involved. The same conclusion can also be drawn for
the substituted anilines. Since the meta and para sub-
stituents produce nearly the same effect, it follows that
the rate-determining step in the oxidation of a phenol
or an aromatic amine by compound I is the removal of
one electron.
REFERENCES
1. Bolton, J. R. Electron spin resonance theory. In: Biological Ap-
plications ofElectron Spin Resonance (H. M. Swartz, J. R. Bolton
and D. C. Borg, Eds.), Wiley-Interscience, New York, 1972, pp.
11-61.
2. Mason, R. P., and Chignell, C. F. Free radicals in pharmacology
and toxicology-selected topics. Pharmacol. Rev. 33: 189-211
(1982).
3. Mason, R. P. Free radical metabolites offoreign compounds and
their toxicological significance. In: Reviews in Biochemical Tox-
icology, Vol. 1 (E. Hodgson, J. R. Bend and R. M. Philpot, Eds.),
Elsevier North Holland, New York, 1979, pp. 151-200.
4. Mason, R. P. Free radical intermediates in the metabolism of
toxic chemicals. In: Free Radicals inBiology, Vol. 5 (W. A. Pryor,
Ed.), Academic Press, New York, 1982, pp. 161-222.
5. Mason, R. P., and Holtzman,J. L. Therole ofcatalytic superoxide
formation in the 02 inhibition of nitroreductase. Biochem. Bio-
phys. Res. Commun. 67: 1267-1274 (1975).
6. Dodge, A. D. The mode of action of bipyridylium herbicides,
paraquat and diquat. Endeavour 30: 130-135 (1971).
7. Bus, J. S., Aust, S. D., and Gibson, J. E. Superoxide- and singlet
oxygen-catalyzed lipid peroxidation as a possible mechanism for
paraquat (methyl viologen) toxicity. Biochem. Biophys. Res.
Commun. 58: 749-755 (1974).
8. Janzen, E. G. Spin trapping. Acets. Chem. Res. 4: 31-40 (1971).
9. Chignell, C. F., Kalyanaraman, B., Mason, R. P., and Sik, R.
H. Spectroscopic studies ofcutaneous photosensitizing agents. I.
Spin trapping of photolysis products from sulfanilamide, 4-ami-
nobenzoic acid and related compounds. Photochem. Photobiol. 32:
563-571 (1980).
10. Kalyanaraman, B. Detection of toxic free radicals in biology and
medicine. In: Reviews in Biochemical Toxicology, Vol. 4 (E.
Hodgson, J. R. Bend and R. M. Philpot, Eds.), Elsevier North
Holland Inc., New York, 1982, pp. 73-139.
11. Yamazaki, I. Free radicals in enzyme-substrate reactions. In:
Free Radicals in Biology, Vol. 3 (W. A. Pryor, Ed.), Academic
Press, New York, 1977, pp. 183-218.
12. Hassan, H. M., and Fridovich, I. Intracellular production of su-
peroxide radical and hydrogen peroxide by redox active com-
pounds. Arch. Biochem. Biophys. 196: 385-395 (1979).
13. Grunberg, E., andTitsworth, E. H. Chemotherapeutic properties
ofheterocyclic compounds. Monocyclic compoundswithfive-mem-
bered rings. Ann. Rev. Microbiol. 27: 317-346 (1973).
14. Asquith, J. C., Watts, M. E., Patel, K., Smithen, C. E., and
Adams. G. E. Electronic affinic sensitization V. Radiosensitiza-
tion of hypoxic bacteria and mammalian cells in vitro by some
nitroimidazoles and nitropyrazoles. Radiat. Res. 60: 108-118 (1974).
15. Adams, G. E., Clarke, E. D., Jacobs, R. S., Stratford, I. J.,
Wallace, R. G., Wardman, P., and Watts, M. E. Mammalian cell
toxicityofnitrocompounds: dependence uponreductionpotential.
Biochem. Biophys. Res. Commun. 72: 824-829 (1976).
16. Adams, G. E., Stratford, I. J., Wallace, R. G., Wardman, P.,
and Watts, M. E. The toxicity of nitro compounds towards hy-
poxic mammalian cells in vitro. Dependence upon reduction po-
tential J. Natl. Cancer Inst. 64: 555-560 (1980).
17. Olive, P. L. Inhibition ofDNA snythesis by nitroheterocyles cells.
I. Correlation with half-wave reduction potential. Brit. J. Cancer
40: 89-93 (1979).
18. Chessin, H., McLaughlin, T., Mroczkowski, Z., Rupp, W. D.,
and Low, K. B. Radiosensitization, mutagenicity, and toxicity of
Escherichia coli by several nitrofurans and nitroimidazoles. Ra-
diat. Res. 75: 424-431 (1978).
19. Goldstein, B. P., Vidal-Plana, R. R., Cavalleri, B., Zerilli, L.,
Carniti, G., and Silvestri, L. G. The mechanism ofaction ofnitro-
heterocyclic antimicrobial drugs. Metabolic activation by micro-
organisms. J. Gen. Microbiol. 100: 283-298 (1979).
20. Chin, J. B., Sheinin, D. M. K., and Rauth, A. M. Screening for
the mutagenicity ofnitro-group containing hypoxic cell radiosen-
sitizers using Salmonella typhimurium stains TA 100 and TA
98. Mutat. Res. 58: 1-10 (1978).
21. Sato, S., Iwaizumi, K., Handa, K., and Tamura, Y. Electron spin
resonance study on the mode of generation of free radicals of
daunomycin, adriamycin and carboquone in NAD(P)H-microsome
system. Gann 68: 603-608 (1977).
22. Bachur, N. R., Gordon, S. L., and Gee, M. V. Anthracycline
antibiotic augmentation ofmicrosomal electron transport and free
radical formation. Mol. Pharmacol. 13: 901-910 (1977).
23. Bachur, N. R., Gordon, S. L., and Gee, M. V. A general mech-
anism of microsomal activation of quinone anticancer agents to
free radicals. Cancer Res. 38: 1745-1750 (1978).
24. Handa, K., and Sato, S. Generation of free radicals of quinone
group-containing anticancer chemicals in NADPH-microsome
system as evidenced by initiation of sulfite oxidation. Gann 66:
43-47 (1975).
25. Handa, K., and Sato, S. Stimulation of NADPH oxidation by
quinone group-containing anticancer chemicals. Gann 67: 523-528
(1976).
26. Sinha, B. K. Myocardial toxicity of anthracyclines and other an-
titumor agents. In: Cardiovascular Toxicology (E. W. Van Stee,
Ed.), Raven Press, New York, 1982, pp. 181-197.
27. Lai, C. S., and Piette, L. H. Hydroxyl radical production involved
in lipid peroxidation of rat liver microsomes. Biochem. Biophys.
Res. Commun. 78: 51-59 (1977).
28. Myers, C. E., McQuire, W., and Young, R. Adriamycin: amel-
ioration oftoxicity by a-tocopherol. Cancer Treatment Repts. 60:
961-962 (1976).
29. Svingen, B. A., and Powis, G. Pulse radiolysis studies of anti-
tumor quinones: Radical lifetimes, reactivity with oxygen and
one-electron potentials. Arch. Biochem. Biophys. 209: 119-126
(1982).
30. Powis, G., and Appel, P. L. Relationship of the single-electron
reduction potential of quinones to their reduction by flavopro-
teins. Biochem. Pharmacol. 29: 2567-2572 (1980).
31. Powis, G., Svingen, B. A., and Appel, P. Quinone-stimulated
superoxide formation by subcellular fractions, isolated hepato-
cytes and other cells. Mol. Pharmacol. 20: 387-394 (1981).
32. Job, D., and Dunford, B. Substituent effect on the oxidation of
phenols and aromatic amines by horseradish peroxidase com-
pound. I. Eur. J. Biochem. 66: 607-614 (1976).
33. Moreno, S. N. J., Mason, R. P., Muniz, R. P. A., Cruz, F. S.,
and Docampo, R. Generation of free radicals from metronidazole
and other nitroimidazoles by Tritrichomonasfoetus. J. Biol. Chem.
258: 4051-4054 (1983).
34. Docampo, R., Moreno, S. N. J., and Mason, R. P. Generation of
free radical metabolites and superoxide anion by the calcium in-
dicators arsenazo III, antipyrylazo III and murexide in rat liver
microsomes. J. Biol. Chem. 258: 14920-14925 (1983).